In order to illustrate one type of physical problem which the reactive shock model can address, we simulate a shock tube in which a diaphragm is burst at the onset of the calculation. We assume that initial temperaturem have equilibrated across the diaphragm which separates regions of differing pressures. The calculational method discussed below has first been tested against the results obtained from a derivation of the shock parameters in an ideal gas with no conductivity, diffusion, or chemical kinetics.
We then proceed to examine a shock propagating in an H2-O2 mediun. lThe detailed kinetics are confined to this relatively simple combustion process since it has been studied extensively using shock tube as well as flme-structure expernimntm. We look in detail at two reactive flow cases: one in which the chemical energy is released quickly enough to alter the properties of the shock, and the second in which the shock Note: Manuscript submitted October 4, 1978.
• ,. ,. ' is reflected from a rigid wall. We look behind the shock as it reflects off the end wall and observe the increased temperature and reaction products.
In the sections that follow, the numerical algorithms which are the foundation of the fluid transport and chemical integration are described, followed by a description of the chemical reaction scheme and the physical processes included in the model. In Section IV several calculations are described.
The initial evolution of a shock propagating in an H2-O 2 mixture with and without chemical reactionm is compared to calculations performed in gas mixtures where fluid dynamic motion is suppressed. The later evolution of the reactive shock is also presented as the shock reflects from a rigid wall, Before proceeding, however, it is useful to put this model and the sample calculation in perspective with other types of calculations used for mlock and detonation studies. First, this is a time-dependent model, but not a timedependent kinetics or hydrodynamic calculation alone; special emphasis has been placed on the precise coupling of these interactions. Thus the model is used to study transient phenomena, the approach to steady state, the way in which a perturbation on the system alters the steady state, the effects of non-ideality of gases, and the way in which the release of chemical energy . . ,,---I 'I
1I.

NunMripal Model
We solve the time-dependent equationu for conservation of mass, momentum, and energy:
bt E 6v (3 chum) where p, pV, E and P are the total mass, momentum, and energy densities and pressure, respectively.
The (pi and {V I are the mass density and the diffusion velocities of the individual species. The quantities I and X represent the viscosity and the thermal conductivity of the gas mixture at spucified (pi), and temperature, T. The (Pil and (Ll) refer to chemical production and loss processes for species i, and the last term in Eq. (4) represents the change in eersry due to chemical reactions which is added to the fluid dynamic energy density. This term only enters the total energy equation implicitly and is therefore enclosed in brackets. The model we have used is one-dimensional, and the spatial gradtents are evaLuated only in the r-direction, where r is a generalized position coordinate.
Currently we have assumed Cartesian coordinates for our shock tube simulations but the model allows for other cnordinate systems.
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There are a number of inherent nvmerical difficulties we face in detailed modeling of the transport of a bhock or a flame front in a reacting medium. One problem arises as the result of the widely different time scales characteristic of fluid and chemical processes.
Another obstacle to numerical simulation is that conventional numerical methods are unable to resolve accurately the steep gradients in pressure, density, and temperature characteristic of these phenomena. Another important feature of the FCT algorithms chosen is their ability to divorce the grid motion from the fluid flow. We have used this freedom to include an efficient adaptive gridding procedure to automatically follow regions such as the shock front, where enhanced resolution is required. In this paper the adaptation is based on the shock. The region imiediately around the shock front and for predetermined distances on each side is gridded with finely spaced cells.
The fine spacing transitions smoothly into the more coarsely resolved region. As the shock moves along the length of the tube, the finely-spaced region moves with it and reflects off the boundary wall.
We have found that the condition on the acceleration, Ar is adequate for locating the shock front, Here P is the pressure, r is the generalized position coordinate, and ý is the average mass density.
In principle there can be any number of finely-spaced regions and the method will also be useful for obtaining the required resolution at a flame front.
The rate equations for the species number densities can be written as a set of first-order, coupled, nonlinear,ordinary differential equations of the following form for the i species:
where n is the density, P 1 in the production rate, and T, the i characteristic loss time. The selected asymptotic method iv very efficient for reactive flow problems since it has very low overhead and can be restarted inexpensively. It has been programmed to make efficient use of the parallel processing capability of vector computers.
Tn the time-splitting approximation, we assume that the fluid motion is frozen while the chemical rate equations are advanced using their own appropriate time-step.
At the end at a fluid integration
Step, the internal energy, C , is obtained by o valuating
where E, pv, and p have been determined. Then the temperature, which is required for evaluation of chemical reaction rates and diffusion coefficients, is found by iterating an equation of the form
where C is in ergs/cm3, h is the enthalpy, [nLx and N are the species and total. number density, respectively, and k is Boltzmann's constant.
Thus during a chemical integration step, T is found after the equations are solved for [ni.
''he internal energy of the system is held constant for each chemical time-step. We emphasize that at each timestep the enthalpy and the specific heats are re-evaluated using the new densities and temperature.
The diffusion velocities (vi}, are found by solving(16)
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The {DjkY are binary diffusion coefficients and will be discussed in the next section. The (DTj) are the thermal diffusion coefficients and have be-n set equal to zero in the calculations presented below.
Equations (8) and (9) form a set of linear coupled equations in (V J which are solved by an iterative technique which '•ill be described in detail in a future paper.
III.
Chemical Model
The results presented below are derived from simulations of shocks in a mixture of hydrogen and oxygen which may include an inert species such as argon or helium. This relatively simple combustion system is ideal for our benchmark work because it has been studied extensively in laboratory shook tubes and because a great deal of effort by the combustion community tias gone into determining the relevant reaction mechanisms and rates over a wide temperature range 6 ,7,139u10. For H 2 -O,,. combustion, we monitor at each point in the system the evolution in time of the temperature and eight reacting species densities, HP, OP, H 2 0, It, 0, OH, H0 2 , and H 2 021and the density of the inert material.
There are over forty reaction paths included here which are of varying importance at each temperatere and which control the intermediate and final densities. These are summarised in Table I, The main features of the induction and termination periods are fairly well understood. Useful for our purposes is the fact that in the fast reaction region in which we are interested, the major termination paths are through thermolecular reactions and not wall reactions.
We are relatively secure in our treatment of termolecular reaction rates, which are properties of the composition of the systems; the wall reactions would vary with the wall coatings and require empirical modeling.
In the work presented here, we assume there is one rate coefficient for a termolecular reactaio, regardless of what the third body is. There is somw information available on the efficiencies of various species, and this can be incorporated in future calculations. The transport processes such as diffusion, thermal conduction, and viscous dissipation are generally slow compared to the fluid flow velocities with which we are concerned in a shock problem and their effects on the reaction sone are predictably small. We have, however, included them in the model for completeness and because tlis generic model will also be applied to the slower propagation of a flame front. We will comment briefly in the sections below on the size of the diffusion and conductivity effects. The thermal conductivity of species "i" is evaluated in terrs of the viscosity, ni, the ratio of specific heats, y.i, and the molecular weight, mi:
The units of Nare erg-em 1sel-Kl. This expression reduces to the usual monatomic gas expression for the appropriate value of yi.
Values of Ji, sususarized in Table IV , are admittedly only first approximations.
The conductivity of the gas mixture NM, has been evaluated from an approximate expression of the form:
II( where the expression for IM is accurate enough values for the density and temperature ranges with which we are concerned here.
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IV.
Discussion of Results
We have performed a number of simulations of shocks in an "2-02 medium varying the initial temperatures, pressures and amounts of diluent on the low density, reacting side of the diaphragm. In this section we present calculations of a shock propagating through a reacting gas, initially at room temperature, with no diluent present to absorb heat. Within the constraints of a one-dimensional model, these calculations show how the energy released during lhc cheImIcal reactions affects the fluid motion. Table I control this process. Table V gives the solution to an ideal diaphragm-shock problem defined in Fig. 1 and is the analytic solution to the RankineHugoniot equations. These results are strictly valid only when there are no chemical reactions, diffusion, or conductivity in the fluid and when the gas constant is independent of temperature. Therefore Table V can only be used as a guide to understanding the detailed simulation presented below in which chemical reactions, molecular diffusion, thermal conductivity, and the temperature dependence of the specific heats are explicitly Included.
At the onset of the calculation, the diaphragm is removed and the driver fluid begins to move into the low density region. The five distinct regions described by Table V 
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Ui Figure 2b shows the total densities corresponding to the temperatures shown in Fig. 2a .
As one might expect, the high temperature regime corresponds to a low density regime in the shocked region. 'The total pressure correspunding to Figs, 2a and 2b is shown ir, Fig. 2c . We note that both temperature and total density can vary by as much as a factor of two in the shocked region, whereas the pressure variation is at most about 30%. 'lhe calculated fluid velocity has not been shown since it varies at most by 10% Irom the solutions presented in Table V . If we were looking at a case where the temperature were uniform across the high temperature region (i.e., large amounts of diluent present), we would expect the H2 0 peak to be in front of the OH pe'ok.
In such a ease the spatial difference between the peaks would he analngous to the temporal separation between peak OH formation which precedus the maximum product formation in a homogeneous reacting gas mixture.
Looking for this effect in the highly exothermic case we are studying can be misleading: here we have to consider both kinetic and fluid dynamic effects. The high OH densities indicate that combustion is occurring between about 36 and 38 cm and this is in agreement with the high temperatures shown in Fig. 2a . The unreacted H2 and 02 near 35 cm Is in the cool region near the contact discontinuity into which helium has diffused.
We have used the same numerical model in a slightly different mode to calculate the reactions in a stationary premixed system over a range of temperatures. 'Ihis is done by by-passing the transport part of the calculation, setting the density across the grid equal to that behind the shock front, and at the onset of the calculation putting a linear temperature ramp across the grid. With no fluid motion and no diffusion processes, this is equivalent to pe-rforming a large number of independent tine-dependent chemical rate calculations simultaneously.
The difference between highly exothermic chemical reactions occurring behind a moving shock front and reactions in a stationary premixed homogeneous gas is shown in Fig. 4 . Using the temperature ramp method described above for the range 1l00-1500 0 K, we have monitored the gas mixture as it is suddenly brought to high temperatures, reacts, and self-consistently heats. Figure 4a shows the self-consistent temperature increase with time. The curves represent stoichiometric 112-O2 mixtures with density equal to that immediately behind the shock front. Initially these mixtures are suddenly heated to 1100, 1200) and 1500 0 K respectively.
The three curves in Fig. 4b show the increases in the It20 density corresponding to the temperature profiles in Fig. ) 4i. After an ignition period, the bulk of the water is formed and the cuives level off. Also on this figure we have plotted the maxim water density calculated behind the moving shock front as a function of time.
Note that the temperature behind the ideal shock is about 1200 0 K, and the shock results fall between the stationary 1200 and 1300 0 K curves with respect to ignition times, but below these curves in maximum density values. This latter difference li the natural expansion which occurs when chemical energy is released.
Another striking difference between the homogeneous, prsmixed and the shock calculations is the difference in maximum temperature attained.
Behind the shock this is about 2300-2400°K, whereas the 17 ____-. Eq. (6) .
The second problem we shall discuss is that of a shock reflected off of a rigid wall. Many shock tube experiments are designed to take advantage of the relatively uniform regime near the wall behind the reflected shock. The temperature and density are further elevated ihere and the fluid velocity is essentially zero, Thus there is a period of relative calm that can be used to watch reactions develop.
In order to model the region behind a ileflected shock, we have allowed our finely &ridded region to move to the wall with the initial shock front. Then the grid motion is restricted so that it does not move backwards. Thus we retain fine resolution near the wall.
We look at the same shock as described above and set the wall at 50 cm.
For this problem we present our results a little differently. We assuce that there is a "hole" 1 cm from the reflection wall, at 49 cm, and monitor what passes by. Figure 5 shows how the temperature at this location changes as a function of time.
When the shock passes 49 cm, the The calculated fluid velocity behind the reflected shock is not axactly zero.
It is several orders of magnitude less than the -105 cm/sec characteristic of the fluid before it is reflected from the wall.
As described above, these are finite amplitude sound waves generated in the process of reflection which decrease in amplitude as this region expands.
Once the reflected shock reaches the low temperature region behind the original contact discontinuity, a large amplitude wave will propagate back to the wall and modify the uniform pressure and temperature region. In the case described above, we have a region of low temperature (600K), high density material (l,6x10"4 g/cm3) moving into a region of high temperature (23c0°K), and lower density (1.OxlO"• S/cm3).
For a long shock tube, where the shocked region has spread out over a large distance, there can be a substantial time when the reflected high temperature region persists, Then except for the small finite amplitude sound waves which are present even in experimental situations, the medium can be considered at rest.
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At each spatial, and temporal location along the length of the tube we can monitor the detailed production and loss rates for each chemical species. For example, an analysis of the chemical production and lose rates describing the 35 cm position in Fig. shows that the chemical species are clearly out of chemical equili-
brium. An extensive analysis of the rate scheme will be reserved for a future paper, in which we will simulate an actual laboratory shock tube experiment.
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V.
Conclusion
In We have focused our attention on a shock calculation because it represents a severe test of the resolution and accuracy of our numerical model. This is part of an on-going combustion program at NRL to measure, model, and predict the behavior of highly complex, interactive combustion systems. We are currently applying the shock model to data from a shock-initiated deflagration which accelerates and increases the shock pressure . In the future, the model will be used in coordination with shock tube experiments to decipher the details of hydrocarbon fuel reaction rates and induction behavior. Rate Constants are given in units of cm3/ sec, T in 0 -'K.
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Three body rates are in cm'V.ec where M ii the third body. Contact discontinuity velocity
1.675zl05
Rarefaction foot velocity 1.218x10 
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